Bond-stretch isomerism is predicted not to occur in the parent compound Si4H6 and the substituted 1,3-di-tert-butyl derivative, although the existence of bond-stretch isomerism in the 1,3-dimethyl derivative is a possibility. Bulky bridgehead moieties induce a preference for a short Si−Si bridge bond, while a longer bridge bond length (2.840 Å at the MP2/6-31G(d,p) level) is predicted for the unsubstituted molecule.
Introduction
Highly strained compounds with large positive heats of formation may be useful as additives to rocket propellants as a means of improving performance. Examples of such compounds include derivatives of cubane and quadricyclane. Another type of molecule which might be capable of boosting the performance of conventional propellants is tetrasilabicyclo[1.1.0]butane (Si 4 H 6 ), the silicon analog of bicyclo[1. 1.0] butane. This is due in part to the high heat of formation of Si 4 H 6 , which ab initio calculations predict to be ∆H°f ,298 ) 93 kcal/mol. 1 Another contributing factor is the overwhelming thermodynamic stability of SiO 2 (s), presumably one of the primary combustion products.
Si 4 H 6 has been the focus of several theoretical studies 1-9 which have predicted the molecular and electronic structure, harmonic vibrational frequencies, strain energies, and enthalpies of formation of this molecule. Some of these previous papers 2-6 have also predicted the existence of two Si 4 H 6 "bond-stretch" isomers, which differ primarily in the distance between the bridgehead silicons. The "short bond" isomer is a classical closed-shell species with the length of the bridgehead bond only slightly longer than a typical SiSi single bond. The "long bond" isomer, while retaining essentially a closed-shell electronic structure, has significant singlet diradical character in the bridge bond. Similar behavior has been predicted 10 for related compounds.
Of further interest is the predicted energetic preference for the long bond isomer of Si 4 H 6 . [2] [3] [4] [5] [6] It appears that in the unsubstituted system the long bond isomer is indeed more stable than its short bond counterpart. However, the effect of bridgehead and peripheral substituents on the relative stabilities of the bond stretch isomers is rather unclear. Although prior theoretical studies 3, 4 have predicted that placement of methyl groups on the bridgehead positions reverses the order of stability, these calculations did not include reoptimization of the geometries of the substituted molecules. Si 4 H 6 has not been experimentally detected, but the X-ray crystal structure of the 1,3-di-tert-butyl-2,2,4,4-tetrakis(2,6-diethylphenyl) derivative is known. 11 In this derivative, only the short bond isomer is observed. This observation suggests that substituents may have a dramatic effect on the relative energies of the bondstretch isomers of silicon-based bicyclobutanes.
The present work is a systematic study of how alkyl bridgehead substituents affect the relative energies of the bond stretch isomers, as well as the isomerization barriers, of tetrasilabicyclobutane. In particular, the X Abstract published in Advance ACS Abstracts, March 15, 1996. (1) (a) Boatz, J. A.; Gordon, M. S. J. Phys. Chem. 1988, 92, 3037. (b) effects of replacing the bridgehead hydrogens in Si 4 H 6 with methyl and tert-butyl groups is examined in this study. (Note that tert-butyl groups are present at the bridgehead positions in the experimentally observed derivative. 11 ) Furthermore, this work examines the relative energy and isomerization barrier of the bondstretch isomers of the parent compound using a systematically chosen suite of basis sets and theoretical methods.
Theoretical Methods
The geometries and energies of the bond-stretch isomers and connecting transition states of tetrasilabicyclo[1.1.0]butane and its 1,3-dimethyl and 1,3-di-tert-butyl derivatives were calculated at the generalized valence bond 12 (GVB) level of theory using the 3-21G* basis set 13, 14 (denoted as GVB/3-21G*). The bonding (σ) and antibonding (σ*) orbitals of the Si-Si bridge bond comprised the single GVB pair. 15 The geometry of each molecule was fully optimized within the confines of the molecular point group symmetry. All stationary points were then verified as local minima or transition states by diagonalizing the matrices of energy second derivatives; i.e., the hessian matrices. The intrinsic reaction coordinate (IRC) 16 connecting each transition state structure to the bond-stretch minima was traced using the Gonzales-Schlegel second-order method. 17 Relative energies were refined via single-point energy calculations with the more flexible 6-31G(d) 14,18a basis set, using GVB, second-order configuration interaction (SO-CI), 19 and Møller-Plesset second-order perturbation theory (MP2). 20 The relative energies of the stationary points of the parent molecule Si 4H6 were further characterized via single-point energy calculations using a variety of basis sets (6-31G-(d,p), 14,18a,c 6-311G(d,p) , 14,18b,c 6-311++G(d,p) , 14,18b-d 6-311++G-(2df,2pd), 14,18b-d 6-311G(2d,2p ), 14,18b-d and 6-311G(2df,2pd) 14,18b-d ) and theoretical methods, including GVB, coupled-cluster singles and doubles with an approximate triples correction (CCSD-(T) 21 ), MP2, and second-order perturbation corrections from a complete active space wave function (CASPT2). 22 All GVB and SOCI calculations were performed using the ab initio electronic structure program GAMESS. 23 The MP2 and CCSD(T) calculations were done using GAUSSIAN92, 24 and the CASPT2 calculations were performed using the MOLCAS-2 25 program.
Results and Discussion
For ease of discussion, the short bond isomer, the long bond isomer, and the connecting transition-state structure of the parent compound, Si 4 H 6 , will be referred to as [ Table 1 . 26 The main structural features which differentiate the bond-stretch stationary points are the Si-Si bridge bond length, the X-Si-Si angle (X ) H, CH 3 , or ((CH 3 ) 3 C), and the dihedral angle defined by the four silicon atoms (R 13 , R 513 , and ω in Table 1 , respectively.)
As can be seen in Table 1 , the geometry of the silicon atom framework of the short bond isomers is nearly independent of the bridgehead substituents. Specifically, R 13 is approximately 2.38 Å, the peripheral SiSi bond length R 12 is about 2.30 Å, R 513 is in the range 146-150°, and ω is in the range 118-120°for all three short bond structures. Although R 12 is consistently between 2.33 and 2.34 Å in the long bond minima, there is somewhat more variation in the other long bond geometrical parameters; i.e., 2.9 Å < R 13 < 3.1 Å, 90°< R 513 < 118°, and 139°< ω < 150°. Therefore, the geometries of the long bond isomers are more sensitive to the bridgehead groups than are the short bond structures.
GVB / Table 1 ). Relative to the long bond isomers, there is somewhat less variation in the structures of the isomerization transition states (1 TS-A ], [2 TS-A ], and [3 TS-A ]. R 12 is consistently about 2.29 Å, and 2.5 < R 13 < 2.7 Å, 126°< R 513 < 129°, and 134°< ω < 139°. IRC calculations, which trace the minimum energy path from a transition state to reactants and products, have been performed to verify that each of the "isomerization-only" TS-A transition states connect the corresponding bond stretch minima. 27 The combination isomerization/ring-inversion transition-state structures [1 TS-B ], [2 TS-B ], and [3 TS-B ] are markedly different from the "isomerization-only" TS-A saddle points. The most striking feature is the folding of the bridgehead substituent underneath the silicon atom framework (see Figures 1-3 ). This is denoted in Table 1 R 513 < -167°, and 139°< ω < 150°. IRC traces of the minimum energy path were used to verify that each of the "TS-B" saddle points not only connect the bond stretch minima but also lead to inversion of the silicon ring system. 27 Included in Table 1 is the experimental X-ray structure of the silicon framework of the 1,3-di-tert-butyl-2,2,4,4-tetrakis(2,6-diethylphenyl) derivative, 11 which has approximate C 2 symmetry and for which only the short bond structure is observed. Since this derivative is chemically most closely related to [3], the experimental structure is compared to the predicted geometry of [3 SB ]. The calculated bridge bond length R 13 in [3 SB ] is 0.01 Å longer than that in the diethylphenyl derivative. The difference between the computed and observed SiSi peripheral bond lengths R 12 and R 23 is somewhat greater, with the calculated values being 0.01-0.03 Å shorter than in the observed structure.
B. Electronic Structure. Table 2 summarizes the SOCI/6-31G(d) natural orbital occupation numbers of the bridgehead Si-Si bonding (σ) and antibonding (σ*) pair orbitals in the GVB wave function for each local minimum and saddle point. For [1 SB ], the σ and σ* occupation numbers (1.95 and 0.03, respectively) show a slightly larger occupation of the antibonding orbital compared to a typical Si-Si single bond. For example, in disilane at the same level of theory, the Si-Si σ and σ* occupation numbers are 1.97 and 0.01, respectively.
The σ* orbital in [1 LB ], with an occupation number of nearly 0.2, is more heavily populated than in [1 SB ]. The simple isomerization saddle point [1 TS-A ] has an intermediate σ* occupation of 0.04. However, the combination isomerization/inversion structure [1 TS-B ] has the largest degree of diradical character, with a σ* occupation of 0.36 electron. Although the σ orbital has the dominant population in all four structures, there is clearly a significant level of diradical character present in these systems. However, none are dominantly diradical in nature, which would be manifested by nearly equal σ and σ* occupations. The same conclusions can be drawn for the dimethyl and di-tert-butyl derivatives, which show similar patterns in their σ and σ* occupation numbers.
C. Energies. Table 3 shows the relative energies of the bond-stretch isomers and their connecting transition states as a function of bridgehead substituent. (A negative relative energy means that the long bond structure is the more thermodynamically stable isomer.) For the parent compound [1], the long bond isomer is lower in energy than the short bond structure by about 10 kcal/mol, at the GVB/3-21G* level of theory. The energetic preference for [1 LB ] remains at 10 kcal/mol at the SOCI/6-31G(d) and MP2/6-31G(d) levels and actually increases slightly to 12 kcal/mol at the GVB/6-31G-(d) level.
The isomerization barrier to formation of [1 LB ] via the simple isomerization saddle point [1 TS-A ] is only 2 kcal/ mol at the GVB/3-21G* level and decreases to only 1 kcal/mol at the GVB/6-31G(d) and SOCI/6-31G(d) levels. However, the barrier vanishes at the MP2/6-31G(d) level, which suggests the possibility that the short bond isomer of [1] is not a local minimum at the MP2 level (vide infra). This suggests that the parent compound [1] does not exhibit bond-stretch isomerism but rather exists as a single structure with an elongated Si-Si bridge bond. The predicted barrier to formation of [1 LB ] by way of the combination isomerization/ring inversion saddle point [1 TS-B ] is substantially higher than via [1 TS-A ], ranging from approximately 6 kcal/mol (GVB/ 6-31G(d)) to over 17 kcal/mol (MP2/6-31G(d)).
Replacement of the bridgehead hydrogens with methyl groups decreases the energetic preference of the long bond isomer to approximately 2-5 kcal/mol (see Table  3 ). This is consistent with the results of Nagase and Kakano 10e but in contrast to two other earlier theoretical , the barrier to formation of the long bond isomer via the combination isomerization/ring inversion saddle point is higher than via the simple isomerization transition state, ranging from 7.5 kcal/mol at the GVB/6-31G(d) level to 18 kcal/ mol at the MP2/6-31G(d) level. tert-Butyl groups at the bridgehead positions actually reverse the order of relative stability, leading to a 2-5 kcal/mol energy preference for the short bond isomer. Note that although the bridgehead tert-butyl groups raise the energy of the long bond isomer above the short bond minimum, the long bond isomer remains a local minimum on the potential energy surface, at the GVB/ 3-21G* level. However, MP2/6-31G(d) predicts the simple isomerization transition state [3 TS-A ] to lie about 2 kcal/mol below the long bond isomer; i.e., isomerization to the short bond isomer via [3 TS-A ] occurs without a barrier and so the long bond isomer presumably is not a local minimum. As in the case of the parent system [1], this result suggests that [3] does not exhibit bond stretch isomerism. Unlike [1] , however, the single local minimum of [3] is the one with a "normal" Si-Si bridge bond length. This is consistent with the experimental X-ray crystal structure 11 of a diethylphenyl derivative of [3] , where only the short bond isomer is observed. The barrier to formation of the short bond isomer via [3 TS-B ] is again higher than via the simple isomerization saddle point [3 TS-A ], ranging from 5 kcal/mol at the GVB and SOCI levels to 15 kcal/mol at the MP2 level.
Solely on the basis of steric interactions between the bridgehead groups, one might expect the relative stability of the long bond isomer to increase as the bulkiness of the bridgehead substituents increases. Since the distance between the bridgehead silicon atoms in the long bond isomer is greater than in the short bond counterpart, it seems reasonable that there should be less steric crowding at the bridgehead positions in the long bond structure. However, the data in Table 3 show just the opposite trend in relative stability. This seemingly counterintuitive effect can be understood by examining in more detail the bond-stretch geometries of the parent compound, which are summarized in Table  1 . Therefore, the preference for a small bridgehead angle in the long bond isomer suggests that its relative stability will decrease as the size of the bridgehead groups increases. This is consistent with the data in Table 3 .
Further evidence for increased steric crowding in the long bond isomers is found by examining the point group symmetries of the bond stretch stationary points, which are found in Table 1 . For the parent compound, all four stationary points have C 2v symmetry. In the dimethyl derivative, the short bond isomer as well as both saddle point structures also have C 2v symmetry, with the methyl groups in an eclipsed conformation. However, in the long bond structure [2 LB ], the C 2v conformation is no longer a local minimum but rather has one imaginary vibrational frequency, whose associated normal mode describes internal rotations of the methyl groups about the Si-C bonds. This is a result of the more severe steric crowding in the long bond isomer, which precludes an eclipsed conformation of the methyl groups. Consequently, [2 LB ] has reduced symmetry (C s ) in which the methyl groups are in a staggered arrangement. In the di-tert-butyl derivative, the bridgehead substituents are sufficiently bulky that only the short bond minimum and the combination isomerization/ring inversion transition state retain C 2v symmetry. The steric repulsion between the tert-butyl groups in the simple isomerization saddle point and the long bond isomer is sufficient to distort the molecular symmetry to C 2 .
A more thorough examination of the relative energies of the Si 4 H 6 bond stretch minima and the connecting saddle point [1 TS-A ] as a function of basis set and theoretical method is summarized in Table 4 . Singlepair GVB single point calculations using the 6-31G(d), 6-31G(d,p), 6-311G(d,p), 6-311++G(d,p) , and 6-311++G-(2df,2pd) basis sets consistently predict the long bond isomer [1 LB ] to be 9-12 kcal/mol more stable than the short bond structure. Likewise, the GVB energies Figure 4 shows the GVB/3-21G* and MP2/6-31G*(d) energies as a function of the mass-weighted distance S along the IRC, 16 where it is clearly seen that at the MP2/6-31G(d) level there is no barrier separating the bond-stretch isomers. Additionally, an MP2/6-31G(d,p) geometry optimization of the short bond isomer, starting at the GVB/3-21G* geometry, was performed. The MP2 optimization led to the long bond structure, which a subsequent MP2 hessian calculation predicted to be a local minimum. Thus, at both the MP2/6-31G(d) and MP2/6-31G(d,p) levels, it appears that only the long bond structure is a local minimum. The MP2/6-31G(d,p) optimized structure of [1 LB ] is summarized in Table 1 . Although the MP2 SiSi bridge bond length (2.840 Å) is substantially shorter than the GVB/3-21G* value (2.912 Å), the remaining geometric parameters are in excellent agreement.
In light of the nontrivial degree of diradical character present in [1] (vide supra), CASPT2 single point energies (using the GVB pair orbitals as the active space) were computed as a check of the reliability of the singleconfiguration-based MP2 and CCSD(T) results, with the results summarized in Table 4 . The CASPT2 relative energies are nearly identical to the MP2 and CCSD(T) results, thus confirming the notion that the short bond isomer is not a local minimum. (This is consistent with the study by Busch et al., 28 
Conclusions
This theoretical study has examined the effects of methyl and tert-butyl bridgehead substitution on the relative energies of the bond-stretch isomers and their connecting transition states of Si 4 H 6 . The long bond isomers are more sensitive to steric crowding at the bridgehead positions. Methyl substitution at both bridgehead positions lowers the energetic preference for the long bond isomer from about 10 kcal/mol in the parent compound to less than 5 kcal/mol. The order of relative stability is reversed in the di-tert-butyl derivative, with the short bond isomer more stable by 2-5 kcal/mol.
At the GVB/3-21G* level, two transition states connecting the bond-stretch isomers are found for each tetrasilabicyclobutane derivative. One of these saddle points (TS-A) follows a straightforward isomerization pathway, while the other (TS-B) leads to inversion of the silicon ring system in addition to bond-stretch isomerism. The barrier to isomerization via TS-A is smaller than via TS-B for all three compounds.
For the parent compound [1], MP2, CCSD(T), and CASPT2 single-point energy calculations predict the long bond isomer to be the only local minimum. The good agreement among these three methods for Si 4 H 6 suggests MP2 is quite reliable for the methyl-and tertbutyl-substituted compounds as well. For the dimethyl derivative [2], MP2/6-31G(d) single-point calculations predict the existence of both bond-stretch isomers, with the long bond structure more stable by 3 kcal/mol, but separated by a barrier of less than 1 kcal/mol. Therefore, it is possible that a more refined level of theory would predict the existence of only the long bond isomer, as in the case of [1] . Replacement of the bridgehead hydrogens with tert-butyl groups reverses the order of stability of the bond stretch isomers, with the short bond isomer lower in energy by 2-5 kcal/mol. MP2/6-31G-(d) single-point energy calculations predict no barrier to formation of the short bond isomer [3 SB ], and thus the long bond isomer [3 LB ] apparently is not a local minimum at this level. This is consistent with the experimental structure of the diethylphenyl derivative of [3] , where only the short bond isomer is observed.
Prior to the present study, the existence of bondstretch isomerism in silicon analogs of bicyclobutanes has been largely unresolved. In this paper, high-quality calculations are used to illustrate unequivocally that bond-stretch isomerism does not exist for the simplest parent species or for a substituted compound similar to the only tetrasilabicyclo compounds that has been synthesized to date. The structure for the substituted and unsubstituted species are expected to be rather different (short bond as observed experimentally and 
